Considering the similarity between the physical-mechanical indices of the talus slope and EEG data, this paper attempts to determine the physical-mechanical index distribution and reliability of the talus slope in reference to the post-processing technique of EEG data. Meanwhile, the pure mathematical model was modified to keep the safety factor below the critical value. Specifically, the Kolmogorov-Smirnov (K-S) test and Monte-Carlo (M-C) method, two popular post-processing methods for EEG data were introduced in details. On this basis, the author created a realistic dual index system for stability evaluation of the talus slope. The system was then applied to a case study on a talus slope located on the south of the K13~14 section of Nanhuan Road in Fuxin, a city in Northeast China. Through the analysis of dual index system, the talus slope is determined as generally stable in Case 1, but steps 1, 2 and 3 and the whole slope exhibited signs of sliding due to rainfall infiltration in Case 2. The results agree well with the field data. The research findings shed new light on the studies of slope stability and the handling of complex, nonlinear data.
Introduction
To date, various nonlinear methods have been developed to analyse the electroencephalography (EEG), a type of complex nonlinear signals. There are roughly two kinds of approaches to process EEG data, namely, pre-processing and postprocessing. The former focuses on band analysis and removing unergonomic background noise from the data. The pre-processing approaches have developed from classical EEG analysis methods like frequency/time domain analysis to wavelet analysis, matching pursuit algorithm, neural network analysis, chaos analysis and the combination of various analytical methods. The post-processing, however, mainly tackles the distribution and reliability of the pre-processed data. The type of data distribution is often determined by the Kolmogorov-Smirnov (K-S) test and chi-squared test, while the data reliability by the Monte-Carlo (M-C) method, Latin hypercube sampling (LHS) and maxim entropy probability density function. These post-processing strategies support the processing of highly nonlinear geotechnical data, such as those on talus slopes.
In slope engineering, the safety factor has been applied extensively as a key evaluation index of slope stability. Nevertheless, it is impossible to measure slope stability with this factor alone, considering the uncertain, illegible and time-varying features of the slope. Even if a slope satisfies the designed safety factor, it may still suffer from landslide. To solve the uncertainties and correlations in the slope system, the reliability theory has been introduced to slope stability evaluation. The problem is the new evaluation method requires too many indices on reliability, such as material parameters and external factors, leading to a soaring computing load. Against this backdrop, it is necessary to draw a full picture of slope stability through simultaneous application of the safety factor and the reliability indices. This calls for a slope stability evaluation system that fully integrates the safety factor with reliability indices.
To answer the call, the dual index analysis has been developed to combine the mean safety factor (MSF) and the reliability indices into the coupled safety factor (CSF) for slope stability evaluation (Chen, 2016; Nedezki et al., 2016; Luo et al., 2005; Gui et al., 2014; Xia et al., 2016) . This method illustrates the distribution of rock and soil parameters by a pure mathematical probability distribution model and does not clearly define the scope of geotechnical parameters. Thus, the results are too conservative to fulfill the needs of actual engineering. Several dual evaluation systems have been inspired by the dual index system, yet all of them are faced with two kinds of problems. First, most of them only emphasize on the statistical values of physical-mechanical indices of the rock-soil mass, failing to provide the distribution range of these indices; second, errors and inaccuracies are commonplace in reliability analysis, owing to the assumption that the physical-mechanical indices are normally distributed.
As one of the most unstable slopes, the talus slope is formed by various materials under complex conditions. The physical-mechanical indices of the slope are extremely uncertain, adding to the difficulty in stability analysis. Considering the similarity between these indices and the EEG data in complexity and nonlinearity, this paper attempts to determine the physicalmechanical index distribution and reliability of the talus slope in reference to the post-processing technique of EEG data. Meanwhile, the pure mathematical model was modified to keep the safety factor below the critical value. In this way, the author created a realistic dual index system for stability evaluation of the talus slope.
Theoretical analysis
The post-processing is an important step processing EEG data. As mentioned before, the distribution and reliability of the EEG data are often identified by the K-S test and the M-C method, respectively. Here, the two EEG postprocessing methods are adopted for the reliability analysis of the talus slope, aiming to enhance the analysis accuracy.
Principle of the K-S test
Named after Kolmogorov and Smirnov, the K-S test is an easy-to-use hypothesis verification method to verify hypotheses that does not need to group the data or sacrifice information integrity. It is an ideal way to solve the limited amount of sample data resulting from sampling difficulty and high testing cost. By this method, the type of probability distribution for cumulative frequency is determined by comparing the observed cumulative frequency with the probability distributions under different assumptions.
For the empirical distribution function with the sample content n, the sectionalized cumulative frequency can be determined as:
where x1, x2, …, xn are the sorted sample data; Fn(x) is a ladder-shape curve.
In the range of random variable X, the maximum difference between Fn(x) and FX(x) can be expressed as:
where α is the significance level; Dn is a random variable depending on n; D α n is the critical value of α. Assuming that the Fn(x) reaches the significance level α, it can be expressed with the theoretical distribution FX(x), and vice versa.
Principle of the M-C method
The M-C method, a.k.a. the random sampling method or statistic testing method, is a statisticsdriven probability estimation method that obtains the chance of risk generation based on repeated random sampling. In principle, random sampling is employed to select a set of values that satisfy the probability distribution of the input variables, and then the set of values are substituted to the state function to get the evaluation indices corresponding to the sampling values of different indices. In actual practice, the statistical probability of the object is obtained according to the evaluation index of the probability distribution (Liu and Chen, 2016; Li and Chu, 2016; Lim et al., 2017) .
Considering the actual problems in slope stability evaluation, the relationship between the safety factor and the slope stability indices can be established based on the structure, failure mechanism and stress state of the rock-soil mass:
where F(X) is the safety factor function of the slope; R(x1, x2,…,xn) is the function of the antisliding force; S(x1, x2,…,xn) is the function of the sliding force; x1, x2,…, xn are the random variables representing the influencing factors of slope stability, namely bulk density, friction angle, cohesion, external load and seismic acceleration.
The distribution state function depends on the distribution type of the parameters. To ensure the relative independence among sampled safety factors (F1, F2, ..., FN), variables xi were randomly extracted from the variables (x1, x2,…,xn) of the same type of distribution, and substituted into Equation (3) for N times to get the results. The safety factor in the limit equilibrium state (F(X)=Fcr) was taken as the criterion for slope stability. Let the number of samples with smaller-than-one safety factor, the slope failure probability can be determined as:
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Dual index system for slope stability evaluation Let Fcr be the critical value of the safety factor. According to Equation (3), the limit equilibrium state equation of the slope can be expressed as:
The corresponding probability of slope failure can be expressed as:
where fF(fS) is the probability density function of the safety factor. To the left of Fcr and the x-axis lies the unstable area of the slope (PF), i.e. the area enclosed by the function fF(fS); the rest of the slope to the right of Fcr belongs to the stable area of the slope, whose reliability index can be expressed as P=1-PF. The slope is in the critical state when F=Fcr.
According to actual conditions, the physical-mechanical indices of slope materials cannot be negative or infinite, and the safety factor F must exceed 0. Therefore, the pure mathematical model was modified as follows.
First, the K-S test was performed to define the type of distribution and the range of the physical-mechanical indices. The range of the distribution function curve is limited by the results of the geotechnical test. Then, the M-C sampling and calculation was conducted N times to obtain N relatively independent samples of the safety factors (F1, F2, . .., FN) within this range, as well as the intervals of these safety factors [Fmin, Fmax] . The probability of slope failure can be expressed as a piecewise function within the range:
During the K-S test, the type of distribution of the safety factor samples was defined as: denote the value of the majority of the samples as the most probable safety factor (F0); multiply F0 by the slope reliability to reduce the safety factor, creating the reliable safety factor F1:
If F1>1, the slope is stable; if F1<1, the slope is unstable; if F1=1, the slope is in the limit equilibrium state. Under the limit equilibrium state, the critical failure probability of the slope can be obtained by the equation below:
The above equation outputs the relationship curve of the critical failure probability and the most probable safety factor (Figure 2) . Then, the slope stability was evaluated against the relationship curve, considering the dual index subarea, the safety factor, and the failure probability. The stability was determined by comparing the reliability results with the subarea of the dual index system (Figure 3) . 
Case study
The object of the case study is a talus slope located on the south of the K13~14 section of Nanhuan Road in Fuxin, a city in Northeast China. The multi-layered slope is formed with the slags produced by surrounding mines after many years. A three-step slope appeared after a backfilling operation on the Nanhuan Road, which passes right across the top of the slope. The slope was originally stable and free from deformation. However, the structure of the slope was completely changed due to another large scale backfilling operation on that road. The backfill formed a new step (Figure 4) . Now, the talus slope can be divided into four steps, each of which consists of a 25~35° slope and a relatively flat platform. From bottom to top, Step 1, Step 2 and Step 3 are all 20m tall, and
Step 4 is about 15m in height. In general, the slope mainly consists of the slags produced by surrounding mines. The upper part of the gangues is a 4.2~64.4m thick layer of sandstone, mudstone and sub-clay, while the lower part of the gangue is a 1.2~12.0m thick layer of silty clay.
The lower part used to be the surface soil layer before the accumulation of slags. The bedrock is composed of weathered sandstone ( Figure 5) .
With a clear sliding boundary, the talus slope is covered by a number of cracks on the surface. There are also obvious signs of sliding at the foot of the slope. According to field data, two sliding surfaces have emerged under the load on the slope crest and the precipitation infiltration ( Figure 5) .
Establishment of calculation model
Based on geological survey results and monitoring data, section I-I (Figure 5 ) of the talus slope, which has the most significant displacement along the sliding direction, was selected as the typical section for slope stability analysis. 
Index selection based on K-S test
The physical-mechanical indices of the three layers of the talus slope are listed in Table 1 . The bulk density, friction angle and cohesion of each layer are all independent, random variables. For accuracy, the critical value D 0.05 n at the significance level α=0.05 was selected as the measure and compared with the Dn obtained by the K-S test. In this way, the type of distribution was determined for the selected indices. Six types of distribution were employed for the hypothesis testing, namely normal distribution (Nor.), lognormal distribution (Log nor.), uniform distribution (Uni.), Poisson distribution (Poi.), exponential distribution (Exp.) and Rayleigh distribution (Ray.). The testing results are given in Table 2 .
Reliability calculation results and analysis
According to the principle of the M-C method, the accuracy of slope failure probability is positively correlated with the number of simulations. To get a proper number of simulations, the author drew the curve between the number and the reliability indices under three variables. It is learned that the curve started to fluctuate slightly after over 30,000 simulations, indicating that the number of simulations has no significant impact on reliability indices below 30,000. Thus, 30,000 simulations are performed in this research.
Considering the geological environment of the talus slope and the impacts of backfilling and rainfall, the following two cases were analysed in details: the slope is in a natural state after backfilling (Case 1), and the slope is saturated due to rainfall infiltration (Case 2). The type of distribution of reliability indices was determined by the K-S test, and the talus slope reliability in the two cases was discussed by the M-C method. The results are recorded in Table 3 . As shown in Table 3 , the safety factor of each step was above 1, and the failure probability was lower than 20% in Case 1. In Case 2, however, the safety factor of each step plunged deeply due to rainfall infiltration, while the failure probability increased obviously. Besides, some of the steps were unstable with their safety factors below 1. Part of the results is inconsistent with the field data, raising the need for further analysis. Slope stability analysis based on dual index system Based on the results of the reliability analysis, the slope stability was analysed by the dual index system. Specifically, the reliable safety factor (F1) and the critical failure probability (PFcr) of each step were calculated with Equations (8) and (9), respectively, and the most probable safety factor (F0) and failure probability (pf) were obtained in reference to the results of slope reliability analysis (Table 4) . In Case 1, the most probable safety factor was greater than 1 and the failure probability was below 20% in each step. Comparing the calculated failure probability with the critical value, it is clear that each step of the slope was either in stable state or in limit equilibrium state. Thus, the slope is generally stable in Case 1.
In Case 2, steps 1 and 2 were unstable because their most probable safety factors were lower than 1. The instability is attributable to the rainfall infiltration. Moreover, the slope areas between Step 1 & 2, Step 2 & 3, Step 1, 2 & 3, and
Step 1, 2, 3 & 4 are all unstable. For Step 3 and
Step 2, 3 & 4, the two steps are unstable as their failure probabilities exceeded the critical value, although their most probable safety factors were greater than 1. The distribution of unstable steps in Case 2 is basically consistent with the results of the field survey ( Figure 5 ).
Conclusions
Based on the safety factor and the failure probability, this paper integrates the dual index system of talus slopes with the post-processing methods of EEG data, including the K-S test method and the M-C method. The integrated method prevents the errors caused by the normal distribution assumption in the traditional hypothesis method, and modifies the pure mathematical theory model, making it possible to rationalize the analysis and evaluation of talus slope stability.
Specifically, the K-S test method was used to verify the physical-mechanical indices of a talus slope, and determine the type of distribution for the influencing factors on slope stability. Then, the range of indices was determined through the slope reliability analysis by the M-C method. The reliability analysis is made more accurate with these moves.
Comparing the slope reliability of each step, it is learned that the MSF is slightly higher than 1.0 and should be taken as the reference for slope safety evaluation. The features of safety factor and reliability can be integrated in the reliable safety factor and dual index system, while the physical-mechanical properties of the talus slope can be modified based on experiment results, so as to meet the actual conditions.
Through the analysis of dual index system, the talus slope is determined as generally stable in Case 1, but steps 1, 2 and 3 and the whole slope exhibited signs of sliding due to rainfall infiltration in Case 2. The results agree well with the field data. Step 2
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